A new model is developed to investigate the causes of change propagation and guide the redesign process. The model offers a micro-level perspective on the mechanisms through which changes propagate or are absorbed. Extending the Information Structure Framework (ISF) reported by Ahmad et al. (2013) , the model uses a multi-domain approach combined with a reformulated detail design process layer. It is illustrated through a desk-based case study of routine mechanical design. Advantages and limitations are discussed along with possibilities for further work.
Introduction
The feasibility of a proposed design change is often evaluated by comparing the estimated cost with the benefits of the proposed changes. When a change is proposed, the potential for knock-on effect on other parts needs to be checked to avoid unforeseen issues. Although the difficulty of estimating change impact is a recognised problem, a solution is elusive (Huang and Mak, 1999) . One reason is that in collaborative design none of the engineers are capable of seeing the product in its entirety in depth (Clarkson et al., 2004) . The effect of engineering changes has been quoted as high as 30-50% of engineering capacity, cost and schedule (Terwiesch and Loch, 1999; Fricke et al., 2000) . There is therefore a need to develop our understanding of how and why change propagates during redesign, and use that understanding to develop improved support tools. This paper contributes towards a new model to assist in capturing design information relevant to change propagation, in order to investigate the causes of change propagation in detail and ultimately inform the development of pragmatic support. It complements the Information Structure Framework (ISF) (Ahmad et al., 2013) , which is a multi-domain approach developed to help designers to assess change propagation and that may also assist the subsequent redesign process. The new model aims to address limitations of the ISF that were highlighted by Ahmad et al. (2013) , in particular reporting on further research to develop its detail design layer. In this paper, the detail design layer of the ISF is reformulated and the new model is applied to a test case. Future research opportunities are discussed.
Background
Numerous methods have been proposed to predict change propagation. Some models are predictive and take a probabilistic approach, while others are deterministic and aim to provide more detailed design guidance. Some models focus on a single information domain, while others use multiple domains:
Probabilistic predictive models vs. deterministic guidance models
Predictive models tend to be mathematical in nature and are generally associated with the idea of quantification of cause and impact of change propagation in terms of probability or risk. For example, the Change Prediction Method (CPM) (Clarkson et al., 2004 ) uses a Design Structure Matrix (DSM) to represent linkages between different components/subsystems of a product. The CPM model is based on estimating the likelihood of change propagating from any component/subsystem to any other. Assigning these values relies on the expertise of engineers and hence the method involves unavoidable subjectivity. Predictive models have been used to aid decision-making not only in change management but also in risk assessment, and also to support project/product viability studies. Deterministic models give more specific results in terms of which parameters are affected and which components are subject to change. Examples include DCAM, an ontology-based model proposed by Ma et al. (2016) , an application of the Contact and Channel Model discussed by Albers et al. (2011) , and the parameter-based approach by Rouibah and Caskey (2003) .
Single vs. multiple domains
Many change propagation prediction models focus on the structure of a design and do not explicitly take its behaviour into account. While this allows for a concise representation, it is also limited because repercussions of design change do not only affect the physical aspects of a design, such as dimensions, but also impact other aspects such as functionality and requirements. Taking this into consideration some authors have proposed multi-domain models that help trace design change to requirements and functions. Because they include requirements and functions explicitly, these models may help ensure product compliance and conformance following a change. Most relevant to this paper, Ahmad et al. (2013) developed a framework called the ISF which uses a multi-domain approach to model the product design. Ahmad et al. (2013) argue that a detailed assessment of how a change will propagate requires information about why the design is the way it is. The ISF accordingly uses four domains (layers) to model a design, namely Requirements, Functions, Components, and Detail Design Process, to model the information structures relating to a design and its creation. Each layer is connected to each other so that change propagation can be traced between them. The ISF was shown to be useful in experiments by Ahmad et al. (2013) and opens many areas for further work. It provides a foundation for the research described in this paper.
The design process and change management
The way a change propagates through an artefact arguably is influenced by how it was designed in the first place. The proposed model aims to help investigate and assess change propagation by capturing and retracing the design process. This section discusses key features of the design process with a view to identifying what needs to be captured in such a model.
Iterations in design
The design process has been described by many authors. Some, like French (1985) , describe design as a stage-based process. Authors such as Hubka and Eder (1988) , complement this perspective with more detailed theories related to the constitution of mechanical systems and their operations. One common feature of all models is to emphasise the iterative nature of design. Iterations in design can have different characteristics according the situation (Wynn and Eckert, 2017) . Of particular interest in this paper, designers often need to work under incomplete information, making estimates of unknown parameters which can then be used to make progress. If assumptions later prove inappropriate, some work may need to be redone. The gap between the estimated parameter and parameter embodied in the design is decreased by repeated iterations, moving towards an optimised solution (Browning, 2001 ).
Multiple solutions are possible
Another aspect of the (re)design process is the possibility of multiple solution concepts, more than one of which may be made to work. Decision making between alternatives considers various constraints such as cost, manufacturing capabilities, space considerations, binding codes and standards, legislations etc. Analysis techniques such as the Pugh controlled convergence method and morphological analysis stipulate systematic generation and evaluation of concepts considering multiple possible solutions. In some cases, decisions are informed by such methods while in others, decisions are based on engineering experience and judgement.
Design decisions and design history
Design decisions form a valuable part of the overall design knowledge base. It is our view that knowing the rationale behind the design and the design process history may assist the accurate assessment of change propagation. For example, a change may be initiated to mitigate a defect, the cause of which may be traced back to a decision taken during the original design process. Therefore, when a change occurs, the designers revisit the decisions made during the original design process. This may be represented and possibly supported through the capture of design rationale and design history. Design rationale refers to the reasoning behind decisions made in the design process. Design history, on the other hand, refers to the process followed when the design was created, for example, the sequence of operations, iterations, etc. In this paper we argue that a representation of design rationale and design history of the original design process can help to understand the redesign process, and information regarding the design alternatives considered and design decisions made during the original design process could provide redesign guidance by allowing a designer to reselect among those alternatives. Moreover, original design rationale and decisions also should be considered during the redesign process, especially when multiple designers contribute and may benefit from explicit representation of the reasoning behind each other's decisions. Design rationale representation approaches have been developed since the 1970s. Models of design rationale capture have often been classified as approach-oriented and feature-oriented (Regli et al., 2000) , argumentative-based and intent-driven (Liu and Hu, 2013) . Methods such as the Issue-Based Information System (IBIS) (Kunz and Rittel, 1970) are also relatively well known. DRED (Bracewell et al., 2009; Aurisicchio et al., 2012 Aurisicchio et al., , 2013 is another platform where design rationale capture has been implemented. Similarly, authors have proposed approaches which capture the history of a design process. Approaches such as DRL (Lee and Lai, 1991) and PHI (McCall, 1991) are well known. Although design rationale and design history capture have been under research since 1970s, these concepts have not explicitly been integrated into recent work to support change propagation assessment and redesign.
Summary: Need for a structured framework to capture relevant information
Overall, the information used and created during a design process is of varied nature. For example, it may concern requirements, the physical and functional attributes of the designed artefact, the design history and rationale, CAD data, and analysis data. The links between such information are important in determining how design change propagates. A framework to assist in capturing and structuring the information network would be helpful to support propagation assessment and redesign, and would assist fundamental research into what causes change propagation. In this paper a new multidomain model is proposed towards addressing this gap.
The proposed model
Study of the literature and concepts discussed above show that there is a need for a new model which should have the following features:
1. It should incorporate relationships between design decisions impacting different components. 2. It should be able to capture the design history and rationale. 3. It should be able to record alternatives evaluated during the design process.
4. It should provide for the iterative nature of design. 5. The constraints considered during design should be incorporated.
We set out to develop a model that addresses these points, and to assess whether this micro-level model can support change impact assessment and the redesign process more effectively than existing approaches. The following subsections lay down a theoretical basis for the proposed model, defining the terms used. The model is based on the concept that a design problem can be decomposed into a set of interconnected subproblems. The designer iteratively addresses these subproblems. Each time a sub-problem is taken up or revisited, we propose the designer's activity can be captured by filling in a set of fields representing a generic micro-level design step. During the design process, as each sub-problem iteration is completed, the fields of a generic template are populated with information to capture what happened. This can later be used to assess the impact of a redesign, specifically how, and why, changes propagate. The template is shown in Figure 1 and the fields are defined in Table 1 . The next section explains and illustrates the knowledge capture approach with an illustrative example. 
Illustrative example
A simplified desk-based case study was undertaken by the first author to illustrate and assess the model. The case study is based on a project done by Part II undergraduate students during a mechanical engineering design course at the University of Auckland. The case involves a mixture of machine element selection and shaft calculations, in order to design a winch system under load and speed requirements while being constrained by space. Although allowing for different solutions, the problem is essentially routine. In this case, the first author developed a design solution consisting of two co-axial shafts joined together using a flexible coupling (Figure 2 ). In the design, one winch drum was mounted on each shaft. A 3-phase motor with speed reduction was selected to run the shafts at the required speed. A chain drive system was used to transfer power from the motor to the shaft. Other auxiliary components such as bearings, taperlock bushes, keyways, lubrication and support were also included in the design.
Figure 2. Components of the mechanical system considered for the case study
The propagation model was constructed in a series of layers, interconnected by coded hyperlinks (see Table 1 for key). Requirements were extracted from the design brief and used to construct the Requirements Layer as stipulated by Ahmad et al. (2013) (Figure 3 ). The Function Layer (Figure 4 ) and Component Layer ( Figure 5 ) were similarly developed as stipulated by Ahmad et al. (2013) . Layers in the model are connected using hyperlinks, with coding scheme explained in Table 1 . For example, in Figure 4 , the function "F2: Distribute electricity" has 2 hyperlink connections. The hyperlink labelled "R5" indicates an incoming connection from object R5 on the requirements layer ( Figure 3 ) and similarly the hyperlink "C2" indicates a connection to an object on the components layer ( Figure 5 ). Figure 1 .
R1, R2, etc. Requirement Criteria a product should fulfil, in other words, the basic need for the product to exist (Ahmad et al., 2013) .
F1, F2, etc. Function
Intermediaries between requirements and embodiment of a design (Ahmad et al., 2013) .
C1, C2, etc Component
The entities necessary to realise the functions in the physical domains, or "function carriers" (Hubka and Eder, 1988 Table 1 ) to objects on other layers
Modified detail design layer
Subsequently, the detail design process layer was populated using the expanded template of Figure 1 . This was done concurrently while completing the design process. A list of design task objectives was developed by elaborating each requirement. For example, the requirement "R1: Must move the 115kg cradle vertically at speeds between 0.1-2m/s" (appearing on Figure 3 ) led to the design task objectives "DTO1: Maximum lift weight:115kg.", "DTO2: Maximum Lift Speed:2m/s" and "DTO3: Minimum Lift Speed: 0.1m/s" (appearing on Figure 6 ). For the case study design process, eleven sub-problems were addressed in total. Examples discussed here are "SP1: Select motor from catalogue" and "SP2: Design and select speed reduction mechanism" (at the top of Figure 6 ). The sub-problems were each linked to the component(s) involved. For example, as shown in Figure 6 , SP1 was connected to "C2: Motor" and "C4: Gearbox". Having identified the sub-problems, the detail design of the system was completed to address these subproblems, and simultaneously, the detail design layer was constructed (first 2 sub-problems shown in Figure 6 ). The sub-problems were each addressed in sequence. In design, different sequences are typically possible. The model stipulates recording of the sequence chosen by the designer, including iterations. To start on a sub-problem, the "known inputs" and "unknown inputs" were first identified. Assumptions for the latter were made in order to proceed. For example, in order to proceed with the sub-problem "SP1: select motor from catalogue", a specific design speed was needed, whereas only a range was available (as shown by the links from DTO2 and DTO3 to SP1 in Figure 6 ). Therefore, design proceeded with the assumption that designing for the highest speed would cover the range as specified. This is captured as Initial Assumptions (IA1) in Figure 6 . The Design Task Objectives (DTO1 to DTO5, DTO8 and DTO9) and Initial Assumptions (IA1) were then used as input to identify potential alternative solutions. In this case, a motor could be a geared unit or a motor with a separate gearbox. The considered alternatives were recorded (A1, A2 and A3 in Figure 6 ). Then, a decision was needed to select a single option to take forward. Constraints (i.e. criteria to be considered in the decision) were identified and recorded. In this case, a key constraint in motor selection was "CR1: minimise the space required". The alternatives were evaluated, and the comparison was recorded as Evaluation of Alternatives (EA1). After making a decision, the outcome was recorded (SA1) along with a brief textual description of the decision rationale (J1). Finally, detailing tasks were carried out as necessary (in this case, selection of a specific motor, captured in DT1) and the outputs captured (field DD1, here: catalogue code of the motor, mounting details, weight, output speed, torque etc.). These outputs were compared to the initial assumption IA1 in Verification V1 using a feedforward, found to be acceptable, and became available as known inputs for subsequent subproblems. As an illustration, the first two sub-problems recorded in the detail design layer are presented in Figure 6 . One of the features of the model is to store historical design data and rationale to support post-change redesign. In the illustrative example, during the original design process of sub-problem 1, the motor was selected based on certain design decisions in addition to the calculations made, in this case the availability of space constraint. During redesign, the alternatives evaluated are explicitly captured and hence can be revisited. Two distinct cases were found to be possible:
1. An alternative earlier evaluated but discarded proves to be a viable alternative candidate. 2. The sub-problem solution must be redesigned completely.
Both these cases are discussed below.
Once the redesign process is initiated, the detail design sequence is reactivated starting with the changed information. The designer retraces the same steps captured in the model, although the information might be different. As they proceed, new information is generated, and new instances of the design sequence are added as another layer on top of the old layer as shown in Figure 7 (left). Each new instance of an object replaces the old one, though the old one is retained as part of the design history and not discarded. It is anticipated that this history may be relevant for analysing future changes, although the means by which the information might be searched and used, and its consistency managed,
has not yet been researched in depth (this is one of our main areas for future research). The redesign propagation process continues (and layers of instances are added to the model), until a step is reached where further propagation does not occur, or a design step is reached where no solution is found amongst the existing alternatives. In that case, the situation moves towards case 2, where a complete redesign is undertaken. In case of a complete redesign of the sub-problem solution is needed, the input data, assumptions and constraints are readily available in the model, which should help to inform and direct the redesign process. An example of this can be found in Figure 7 (right), representing a case where the shaft had to be completely redesigned and needed fresh calculations.
Change propagation in the model
The detailed information provided by the approach lays a foundation for in-depth analysis of the causes of change propagation for a modelled design. In particular the model makes explicit the constraints on each sub-problem at the time a solution was found. This clarifies the window in which the redesign task can be undertaken without causing propagation. For example, in the case study, if the shafts need to be redesigned it can be seen what other subproblems constrain it and are dependent on it. In the case illustrated (Figure 7 right), the shaft design is dictated by the drum size on one end (because the drum's size is the basis for the drum's weight and required torque, which in turn determines the minimum shaft diameter to prevent failure, 11mm in this case). On the other hand, the shaft's maximum diameter is determined by the other components dependent on it such as the sprocket's bore (48mm in this case), which is to be mounted on the shaft. All these relationships are explicit in the model. This could potentially assist the redesign process by guiding the design engineer to stay within the window of the original design if possible, thereby not disturbing the other dependent components. When the constraints causing propagation are made clear this may also prompt consideration of new design options to avoid knock-on effects, in this case perhaps by creating ribs on the shaft to give it additional strength without changing the nominal diameter.
In many cases a buffer zone (threshold) exists, up to which the change would not cause any knock-on effects. This happens due to the design's ability to absorb changes, which could be because of reasons such as a factor of safety, selection of a component of nearest higher rating, etc. An example of such an occurrence can be seen in Figure 6 , sub-problem 1. For the motor, the manufacturer offers a range of discrete options, so in DT1, the motor selected was the lowest motor power that exceeded the power requirement that was derived from various Design Task Objectives (DTOs) and Requirements (Rs). In this specific case there is a buffer of 616W (selected motor being 4kW and required power being 3384kW) built into the design. This creates a buffer zone within which the design can be varied without propagating further. The model explicitly captures how any change to the load requirement will not propagate to cause change to the motor unless it exceeds the rating (although other components might need to be changed).
Summary of example
The example shows how the framework offers additional insight to existing approaches, such as those summarised in Section 2. In particular the framework offers potential for detail guidance for redesign. By capturing redesign processes using this model, we intend to investigate the causes of change propagation in depth to gain better theoretical understanding, which might ultimately lead to better pragmatic support tools. The developed approach has limitations, most obviously the problems associated with handling such large amounts of data. The illustrative example was limited in scale and the amount of data would increase substantially with the scope and complexity of the design. It can also be anticipated that elicitation and visualisation of data in the model will be difficult as more complex applications are trialled. Finally, the design example presented in this paper represents a routine design situation, which has been the focus of the research thus far. We plan to investigate applicability of the framework to other kinds of design involving more novelty, and involving architectural decisions that would involve change to the Component and/or Function layers of the model.
Discussion and conclusion
The proposed model offers a micro-level process-oriented perspective on design change propagation. It may help to understand and research the causes of change propagation, guide the redesign process, and analyse in greater detail the mechanisms through which changes propagate or are absorbed. The research is currently in relatively early stages (the first year of a PhD project) but we believe the approach offers a new perspective on change propagation and highlights opportunities for further work towards understanding the change propagation process and, possibly, towards a pragmatic support tool. One key issue for future work is to investigate how much detail should be captured and what happens to the model behaviour when the abstraction level is increased. For some applications, it might be appropriate to focus on how the change propagates on the sub-systems level rather than on the parametric level. Another question is the behaviour of the model when the effects of a change fall in the buffer zone of the design as discussed in Section 4.2. We aim to investigate how buffers can be incorporated into the model and therefore, investigate the circumstances under which a change will propagate or be absorbed-as well as the best placement of margin during a design process to make a design less susceptible to future change propagation. It is planned that further case studies involving different design scenarios of higher complexities will be undertaken to investigate these issues arising from the preliminary case study. If successful, the proposed approach's possible integration with CAD/PDM/PLM and other knowledge management software may be investigated. To summarize, a new model for capturing design information with an aim to aid change propagation assessment and subsequent redesign has been proposed. The preliminary case study shows promising results towards investigating change propagation using systematic capture of design history and design rationale. A preliminary case study gave rise to many questions, which are planned to be investigated via further case studies. Ultimately it is hoped to use these insights to develop a pragmatic support tool. 
